Twenty tomato spotted wilt virus (TSWV) isolates were serologically compared in ELISA employing five different procedures using a rabbit polyclonal antiserum against nucleocapsid proteins (NuAb R) and mouse monoclonal antibodies (MAbs), two directed to nucleocapsid proteins (N1 and N2) and four directed to glycoproteins G1 to G4. All the antisera were raised against TSWV-CNPH~. The 20 isolates were differentiated into two distinct serogroups. Serogroup I consisting of 16 isolates strongly reacted with NuAb R. The other four isolates were poorly recognized by NuAb ~ and were placed in another serogroup, designated II. The panel of MAbs differentiated the TSWV isolates into three serotypes. The 16 isolates forming serogroup I reacted strongly with the MAbs generated and were identified as serotype I isolates. The four isolates which made up serogroup II were split into serotypes II and III. The serotype II isolates did not respond or responded poorly with MAbs N1, N2 and G3. The two other isolates placed in serotype III were recognized by N 1 but not by N2 and G3. Two isolates became defective after several mechanical passages and failed to respond or responded very poorly with MAbs directed to glycoproteins. Our results show that ELISA employing polyclonal and monoclonal antisera is a useful tool to differentiate TSWV isolates and to detect defective forms. The results also strongly suggest that TSWV nucleocapsid proteins are less conserved than the glycoproteins.
Introduction
The spread of Frankliniella occidentalis (Pergande) from the Western part to the rest of the U.S.A. and into Canada and Europe has caused numerous outbreaks of tomato spotted wilt virus (TSWV) in different crops in the field and in glasshouses . Although TSWV can easily be distinguished from other plant viruses, methods by which different isolates can readily be characterized are not available. Identification of the various isolates using symptoms in different indicator plants, as advocated by Norris (1946) and by Best & Gallus (1955) , has not widely been used. Also, serology has not been explored extensively in the diagnosis and identification of TSWV and differentiation of the various isolates since antisera produced against TSWV often lack the required reliability or sensitivity (Paliwal, 1974; Reddy & Wightman, 1988; Tas et al., 1977) . Peters et al. (1990) have argued that serological techniques, like agar gel diffusion or ring tests applied in the past, are not suited for a sensitive detection of TSWV.
ELISA techniques seem well suited to detect TSWV as has been shown recently. A polyclonal antiserum produced against a TSWV isolate from papaya (Gonsalves & Trujillo, 1986) detected TSWV in sap from infected plants. Cho et al. (1988) found TSWV in individual infected thrips with ELISA using an antiserum against a TSWV isolate from lettuce. Wang & Gonsalves (1990) compared 30 TSWV isolates from several countries and concluded that some non-U.S.A. isolates may be categorized into distinct serogroups. Recently, Sherwood et al. (1989) reported the use of a monoclonal antibody (MAb) directed to the nucleocapsid protein in the detection of five TSWV isolates from different hosts and geographically different areas. Polyclonal antisera against complete virus, purified nucleocapsid protein and six MAbs directed to the nucleocapsid protein or envelope glycoproteins have been produced by Huguenot et al. (1990) . These polyclonal antisera are very useful in the detection of TSWV (de O. Resende et al., unpublished results) . Huguenot et al. (1990) compared the usefulness of different ELISA procedures using MAbs with a molecular hybridization technique using riboprobes for the detection of TSWV. The use of riboprobes and also of cDNA (Ronco et al., 1989) has not yet been widely applied.
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Here we report the results of a study on the serological identification and differentiation of 20 TSWV isolates employing five different ELISA procedures using polyclonal and monoclonal antibodies.
Methods
TSWV identification and maintenance. Twenty TSWV isolates from different hosts, climate zones and geographical regions (Table 1) were identified on differential hosts and by electron microscopy as being TSWV. All the isolates were maintained in Nicotiana rustica L. plants by mechanical inoculation. The original isolates were stored in leaf tissue in liquid nitrogen.
Purification of TSWV complete virus and nucleocapsid proteins. The virus was purified by the method described by Tas et al. (1977) with one modification. Prior to homogenization of the leaves, PMSF (Sigma) was added from a 0.2 M stock solution in isopropanol to the extraction buffer to a final concentration of 1 mM.
The nucleocapsid purification protocol used was according to D. Peters et al. (unpublished results) . The method consisted of grinding 50g of infected N. rust&a leaves in the extraction buffer (0-1 MTris-HCl, 0.1 M-sodium sulphite and 0-01 M-EDTA pH 8.0) 1:4 (w/v). After a low-speed centrifugation (1000g), the supernatant was submitted to a high-speed centrifugation at 50000 g for 30 rain. The pellets were resuspended in resuspension buffer (0.01 i-Tris-HC1, 0-01 M-sodium sulphite and 0.01 M-EDTA pH7.9) containing 1% Nonidet P-40. After another low-speed centrifugation at 8000g for 10 min, the supernatant was centrifuged on a 30% sucrose cushion for 1 h at 125000g. The pellet was resuspended in 0.01 M-citrate buffer pH 6-0 and subsequently centrifuged in a 20 to 40% sucrose gradient for 2h at 190000g. The nucleocapsid bands were collected using a Uvicord III 2089 LKB fraction collector. The complete virus and nucleocapsid protein concentration was estimated as described by Lowry et al. (1951) .
Polyclonal and monoclonal antisera. Polyclonal antisera against complete virus, the purified nucleocapsid fraction and six monoclonal antibodies prepared against the CNPH1 isolate as described by Huguenot et al. (1990) were used in the serological tests. The monoclonal antibodies N1 (originally designated 6.12.15) and N2 (2.9) are directed to nucleocapsid proteins, while the other four, G1 to G4 (3.22.6, 7.22.6, 6.7 and 7.22.1) , are directed to the envelope glycoproteins (Huguenot et al., 1990) .
Biotinylation of MAb and preparation of enzyme-labelled streptavidin.
Biotinyl N-hydroxysuccinimide (E.Y. Laboratories; 5mg/ml in 0-01 M-NaHCO3) was mixed at a 1:25 (v/v) ratio with NI gammaglobulin containing ascitic fluid diluted 1/10 (v/v) in 0.01 M-NaCO 3. The mixture was incubated for 4 h at 25 °C and the reaction was stopped by adding 10gl 1M-NH4CI per ml (Zrein et al., 1986) .
Subsequently, the mixture was dialysed extensively in phosphate buffered saline (0.14M-NaC1, 1 mM-KH2PO4, 8 mM-Na2HPO4, 2.5 mM-KCI) (PBS) at 4 °C.
ELISA procedures. Twenty TSWV isolates were serologically compared using five different ELISA procedures which are summarized in Table 2 . In all the procedures, the microtitre plates (Nunc) were coated with antibodies in carbonate buffer pH9.6 overnight (200 gl/well). The dilutions of the antibody stock solutions used in the several steps of the ELISA procedures according to Huguenot et al. (1990) are indicated in Table 3 . After coating, the plates were incubated with 200 gl PBS pH 7-4 containing 0.05% Tween-20 (PBS-T) and 1% bovine serum albumin (BSA) per well for 30 min to block non-specific binding sites. In the following steps of the five procedures, the antigen and antibody solutions were diluted in PBS-T and 100 gl samples were added per well. The plates were incubated in each step at 37 °C for 2 h and between each incubation step rinsed three times with PBS-T. The antigens bound were detected by adding 100~1 of p-nitrophenyl phosphate at a concentration of 1 mg/ml dissolved in 0.01 M-diethanolamine buffer pH 9.6. An EL 312 ELISA reader (BIO-TEK Instruments) was used to measure the absorbance at 405 nm. Samples of sap from infected N. rustica leaves, purified virus and nucleocapsid preparations (100 lal/well) were tested in duplicate in the ELISA plates and average values are presented.
The reactivity of the different antisera with the TSWV isolates tested was studied in five ELISA procedures in order to eliminate the possibility that procedure-specific results were obtained. In procedures 1 and 2, sap from infected plants was diluted 300-fold and in procedures 3, 4 and 5. 30-fold (Table 2) . In each plate, samples of purified TSWV-CNPH1 virus (150 ng/100 ~tl), or sap from plants infected with this isolate were included as positive controls, and sap from a healthy N. rustica plant as a negative control. The experiments described were repeated at least twice for all the isolates and six times for an isolate representing each proposed serogroup.
In the ELISA procedures 1 and 2, rabbit polyclonal antibodies (Ab R) against complete virus (Cv), or against nucleocapsid proteins (Nu) were used at a concentration of 1 p_g/ml to coat the wells. The same antibodies conjugated to alkaline phosphatase (CvAbR-PAL and NuAbR-PAL) were used at a concentration of 1 ~tg/ml. In procedure 3, the wells were coated with CvAb R at 2 I.tg/ml.
The dilutions at which the six MAbs were used are indicated in Table  3 . The alkaline phosphatase-labelled goat anti-mouse globulin (GAM-PAL) solution (Sigma) was used at a 1/2000 solution. In procedures 4 and 5, the six MAbs were used for coating the wells at dilutions indicated in Table 3 . After adding the antigens, alkaline phosphatase-labelled polyclonal antibody was used at 1 ~tg/ml in procedure 4, and biotinylated MAb N 1 (MAb s N 1) in procedure 5 was used to detect viral antigen. The biotin label immobilized to the solid phase was detected with 5000-fold diluted streptavidin alkaline phosphatase conjugate (SAy-PAL).
Immunogold labelling of sections. To detect TSWV in situ using the available antisera we applied the immunogold procedure described by Van Lent et al. (1990) . Leaf tissue from host plants systemically infected with TSWV was aldehyde-fixed and embedded in LR Gold medium 2 to 3 weeks after inoculation. Thin sections were treated with 1 ~ BSA in PBS before incubation in the specific antiserum, then goldlabelled with Protein A-gold (pAg) and examined after staining with uranyl acetate and lead citrate. Tissues from healthy plants were used as controls.
Results

General characteristics of the monoclonal and polyclonal antibodies
TSWV is a plant virus which has many properties in common with viruses of the family of arthropod-borne Bunyaviridae (de Haan et al., 1989a) . To differentiate and identify the isolates of TSWV, the same criteria which are used for the serological differentiation of bunyaviruses (Bishop & Shope, 1979 ) may be applied to TSWV. Serogroups and serotypes are defined by the reactions between the nucleocapsid proteins and antibodies in ELISA. A serogroup refers to antigenic relationships between polyclonal antisera and the nucleocapsid protein of the different viruses. The designation serotype is based on serological differences found with a panel of MAbs and the nucleocapsid protein.
From the panel of six MAbs used in this study, N 1 and N2 are directed to nucleocapsid proteins and react in ELISA with both intact virus particles and purified nucleocapsid proteins. The other four MAbs, G1, G2, G3 and G4 are most probably directed to the envelope glycoproteins. They do not react in ELISA with purified nucleocapsid proteins but only with intact virus particles (de Avila et al., unpublished results) . These MAbs label virus particles in situ with gold, but do not react with nucleocapsids in dip preparations or dense masses in situ (E. W. Kitajima, unpublished results), the latter being accumulations of nucleocapsids, a characteristic of defective isolates of TSWV (Ie, 1982) .
Serological differentiation of 20 TSWV isolates using sap from infected plants
Twenty isolates of TSWV were studied using five different ELISA procedures with a polyclonal antiserum against the CNPH~ isolate, a polyclonal antiserum against the nucleocapsid (N) protein of CNPH1 and six MAbs against the N and G proteins of this isolate. All isolates tested reacted in the five procedures but responded in a quantitatively different way as shown in Fig. 1 for the results using procedure 1.
Using procedures 1 and 2, the anti-CNPH1 serum (results not shown) and anti-N serum (Fig. 1) differentiated the isolates into two serogroups. Sixteen isolates, B1, S1, A7, B15, A1, H1, H2, H3, B2, A4, Fi, B5, B16, H4, B13 and CNPH1, reacted strongly with both antisera and may belong to one serogroup denoted I. The isolates B3, B6, A5, B8 were poorly recognized by both antisera. Since these isolates react strongly with antisera prepared to B3 and A5 nucleocapsid proteins (data not shown), they were placed in serogroup II.
Clear differentiation of the TSWV isolates was obtained with procedure 3. Three reaction patterns were discernible with the MAbs N 1 and N2 by which three different serotypes were distinguished (Fig. 2) . The 16 TSWV isolates forming serogroup I reacted with MAb N1 as well as with MAb N2; thus the group I viruses form one serotype, denoted I. The isolates A5 and B8 reacted strongly with MAb N1 but not with MAb N2 (Fig. 2) . The isolates B3 and B6 showed only a weak reaction with MAb N 1 and did not react with MAb N2. This serological differentiation did not change in procedure 3 when the MAbs N 1 and N2 were tested in a 1000-fold dilution instead of 10000-fold. It is evident from these results that these MAbs are directed to different epitopes on the nucleocapsid protein. Therefore, the four viruses have been placed into two different serotypes; the isolates B3 and B6 are denoted serotype II viruses, and A5 and B8 as serotype III viruses.
The 16 isolates (serogroup I) reacted strongly with the MAbs G1 and G3 (Fig. 2) . The reaction of profiles obtained with MAbs G2 and G4 were identical to those with MAb G1 (data not shown). The division of the isolates B3, B6, A5 and B8 into two serotypes is not supported by the reaction with the four MAbs reacting with the G proteins. These isolates reacted strongly with the three MAbs G1, G2 and G4 whereas no reaction was obtained with MAb G3 (Fig. 2) . The results obtained with the procedures 4 and 5 were similar to those with procedure 3, but the discriminative power of the latter was higher than that of the former two.
Serological differentiation of the T S W V isolates using purified antigens
To eliminate the possibility that the serological differences were due to the use of sap as antigen source, the proposed serogrouping and -typing of CNPH1, A5, B3, B6 and B8 was studied using purified antigens. Attempts to purify the virus particles of isolates A5 and B3 and B6 using the procedure described by Tas et al. (1977) failed at this stage. The nucleocapsid fractions from these isolates were purified, tested in ELISA and used to prepare antisera. Fig. 3 shows that the nucleocapsid proteins of B3, B6, A5 and B8 (serogroup II) reacted poorly in ELISA with nucleocapsid polyclonal antiserum against CNPH1. Similar results to those with sap from infected plants were obtained with the MAbs N1 and N2 (Fig. 4) . As expected, almost no reaction was observed with the four MAbs directed to the glycoproteins when the purified nucleocapsid protein preparations were used as antigens. The weak reaction of the nucleocapsid protein of isolate A5 with MAbs directed to glycoproteins was due to a slight contamination with glycoproteins as shown by protein gel electrophoresis (data not shown). The serological results did not change (data n o t shown) when MAbs were used at a 10 times higher concentration. 
Detection of T S W V defective forms using a panel of MAbs
The serological results are very stable because changes were not observed after several passages of most of the isolates in N. rustica and other host plants. However, the reaction of the isolates H4, B13 and H3 changed considerably during our studies. After a number of passages, samples of N. rustica, N. benthamiana and tomato plants infected with isolates H4 and B13 reacted with the MAbs N1 and N2, but did not react or reacted 0nly very slightly with the four MAbs directed to glycoproteins (Fig. 5) . Moreover, mechanical trans- mission of these isolates b e c a m e difficult and attenuation of s y m p t o m s on N. rustica was observed. Electron microscopy studies revealed that complete virus particles were virtually absent in leaf-dip preparations. In ultrathin sections, only dense masses characteristic of defective forms (Ie, 1982) were observed. The dense masses were recognized as aggregates of nucleocapsids using i m m u n o g o l d labelling techniques with a polyclonal nucleocapsid antiserum (Fig. 6 ). T h e H3 isolate also showed a decreased reactivity with M A b s directed to glycoproteins after several m e c h a n i c a l inoculations. In leaf-dip p r e p a r a t i o n s a few complete virus particles were still observed. Since the ratio of antigen that could be detected changed in favour of a reaction with the antibodies directed to the nucleocapsid protein, we suppose that this isolate is in the process of b e c o m i n g defective. 
Discussion
Owing to a lack of distinguishing methods, T S W V isolates have so far not been differentiated by stable characteristics. In the past, T S W V isolates have been distinguished by s y m p t o m s on tomatoes (Norris, 1946) or on a few differential host plants (Best & Gallus, 1955) . Antisera have rarely been used to study the serological relationships of different isolates of TSWV. Different ELISA procedures are often used to clarify and analyse viruses serologically (Dekker et al., 1989) . To study the serological relationships of the TSWV isolates, five different ELISA procedures were used. The results obtained varied quantitatively but not fundamentally. The sharpest discrimination was obtained with procedure 3. In the present study, 20 TSWV isolates were differentiated into two serogroups and three serotypes. Sixteen isolates, which were not differentiated by MAbs NI and N2, were placed in serogroup I (Fig. 1) . Four isolates which were poorly recognized by the polyclonal antiserum against the N protein were placed in serogroup II (Fig. 1) . These isolates reacted differently with MAbs N 1 and N2 and were considered to be members of two distinct serotypes, II and III (Fig. 2) . Wang & Gonsalves (1990) compared 30 TSWV isolates (most from the U.S.A., a few from other countries) in various ELISA procedures using specific antisera to the whole virion of their BL isolate and its nucleoprotein (26K) and membrane protein (78K). These authors, although finding variable results with 11 isolates, did not establish either serogroups or -types. However, isolates with distinct nucleocapsid proteins were found by Kameyi-Iwaki et al. (1988) in a virus from watermelon, and by Law & Moyer (1990) in a virus from Impatiens. The latter authors provided circumstantial evidence that the two isolates they studied had to be placed in different serogroups using the distant serological relationship of the N protein as a criterion. So far we have no information on the relationships between the isolates we studied and those of Law and Moyer. Recently, it has been proposed that TSWV should be included in the family Bunyaviridae (de Haan et al., 1989a) . The genome organization of the TSWV S RNA is identical to that of phleboviruses and uukuviruses (Ihara & Bishop, 1984; Simons et al., 1990; de Haan et al., 1989b . Several serological techniques have been used to differentiate the bunyaviruses (Bishop & Beaty, 1988) . The study of group-specific antigenic determinants on nucleocapsid proteins has been successfully used in this family (Shope, 1985) . Group-specific antigenic determinants also occur in the nucleocapsid protein of TSWV as shown by the use of MAbs and polyclonal antiserum produced against the N protein.
The 20 isolates were split into three serotypes by two MAbs against the N protein. These results suggest that the nucleocapsid protein is not a highly conserved protein of TSWV. Shope (1985) concluded that the nucleocapsid protein of the phleboviruses, which form a genus in the Bunyaviridae, is less conserved than the G1 and G2 glycoproteins. Serological relationships
have not yet been found between TSWV and the bunyaviruses (Wang et al., 1988) .
This study has shown that changes or differences in serological reactions can be explained not only by serological differences, but also by misinterpretation due to the generation of defective isolates (Fig. 5 and 6 ) which may arise during the subsequent mechanical virus transfers. The panel of MAbs available appears to be a useful tool to identify the defective isolates.
